There are fewer abrupt drops in the strain energy-displacement response than in the load-displacement response, and the abrupt drops in strain energy-displacement response reflect the nucleation of perfect dislocations or extended dislocations rather than partial dislocations. The wedged indenter with half vertex angle of 70 • is recommended for investigating dislocations during nanoindentation.
Introduction
With the increase of application of micro-electronic devices, nanoindentation has been widely used as a standard method to obtain mechanical properties such as nanohardness and elastic modulus of materials [1] [2] [3] [4] . Both experimental and numerical research have been implemented to observe the microstructures near the indenter tip in recent years. In terms of experimental studies, for instance, C. A. Schuh et al. [5, 6] used a Triboindenter to investigate the dislocation nucleation and incipient plasticity during high-temperature nanoindentation on Pt single crystal, and obtained mechanical properties of standard fused silica at temperature up to 405 • C. D. Ge et al. [7] employed a three-sided pyramidal Berkovich tip to investigate the size effect in the nanoindentation of silicon. Sandra Korte et al. [8] implemented a high-temperature nanoindentation of Au in vacuum, and obtained values of properties like Young moduli, yield and flow stresses. However, experimental nanoindentation tests are sensitive to the environment and instrument [5] [6] [7] [8] . Numerical simulation becomes an effective method to study the basic mechanical behaviors in nanoindentation.
When it comes to numerical methods, the finite element (FE) method is often employed to simulate nanoindentation. For example, J. A. Knapp et al. [9] developed procedures of nanoindentation based on finite-element modeling, accurately calculated some mechanical properties and compared them with experiments. Kaushal K Jha et al. [10] studied the physical meaning of the total and elastic energy constants in elasto-plastic indentations by Finite-element method, and discussed their applications in the evaluation of nanomechanical quantities such as the indenter tip radius and the nominal hardness. However, it is hard to validly simulate the changes of microstructures near the indenter tip, such as dislocations and twinnings. Moreover, some drop points of load-displacement curve are hard to obtain. Molecular dynamics (MD) is another widely employed method to study the microscopic mechanisms. Many researchers studied nanoindentation with this method. Landman et al. [11] , for the first time, simulated nanocontact problems using Ni tips with MD method. Yen-Hung Lin et al. [12] simulated the nanoindentation on monocrystalline silicon with both spherical and Berkovich indenters, and discussed the nanoindentation-induced deformation and the phase transformation during the process. Jiang et al. [13] simulated the nanoindentations on a binary metallic glass under various strain rates, and validated that the serration is not directly dependent on the resultant shear-banding spatiality. Although the MD method can provide a lot of details of micro-deformation, such like dislocation nucleation and emission, it requires lots of calculations that will limit the simulation both on the time scale and the model size. The quasi-continuum (QC) method is one of the multiscale methods which allows relatively large model to simulate the mechanical behaviors in nanoscale. Many researchers have studied micro behaviors of nanomaterials with this method. Huaibao Lu et al. [14, 15] investigated the effect of surface step on nanoindentation in various orientations by the QC method. Aibin Zhu et al. [16] simulated the nanoindentation on single crystal cooper by QC method, and discussed the effect of radius of sphere indenters on nanohardness. Mei and Ni [17] studied the anisotropic behavior during nano-adhesive contact by the QC method, which proves the importance of crystal orientation of micro-devices. Fanlin Zeng et al. [18] investigated the titled flat-ended nanoindentation with different titled angles by the QC method, and simulation results agreed well with analytical ones.
Wedge indentation is an important process for determining the mechanical properties of materials, and angles of conical and wedged indenters affect the measurement of mechanical properties greatly. D. S. Dugdale [19] conducted the wedge indentation experiments with three different cold-worked metals, and found that the measured hardnesses was independent of size when the metal was larger than a certain size. K. Eswar Prasad et al. [20] investigated the role of the angle of conical indenters on the plastic deformation during nanoindentation by using the FE method, and compared the results with experimental data. Fan-lin Zeng et al. [21] simulated the wedged nanoindentation on nickel by using indenters with different vertex angles, and studied the dislocation emission beneath the indenter tip. However, the unloading nanoindentation processes with different angles of wedged indenters have not been studied, and the influence of the angle of wedged indenters on the hardness of materials has not been discussed yet. In this paper, we simulate the loading and unloading nanoindentation processes on Al bulk material by using wedged indenters with different vertex angles by QC method. Load-displacement responses and energy-displacement responses were obtained. Hardness of materials in different wedged nanoindentations were calculated too. In particular, the mechanism of dislocation emission will be discussed, and the residual dislocation during the unloading process will also be investigated.
Methodology and Simulation Model of Nanoindentation
The QC method is an effective multiscale approach to simulate the mechanical behaviors of crystalline materials, which couples the continuum and atomic simulation. It is established that discrete atomic descriptions are only necessary at highly deformed regions and vicinity of defects or interfaces, while the linear elastic continuum method is employed in other regions. In the QC method, there are two kinds of representative atoms called local atoms and non-local atoms. The local atoms gather the deformation behavior of atoms that go through a nearly homogeneous deformation whose energies are computed from the local deformation gradients based on Cauchy-Born continuum rule. On the other hand, the non-local atoms are treated by Ercolessi-Adams Al potential [22] to describe the atomic movement in the area where heterogeneous deformations occur. The QC method runs through molecular static energy minimization of all atoms over the atomic (non-local) domain and the finite element (local) domain. Meanwhile, the QC method automatically reduces the degrees of freedom by implementing an automatic adaption scheme with no atomistic detail loss in the core region. The sizes of atomistic region and finite element region are constantly updated and expands during the simulation, and the selection of representative atoms and their local versus nonlocal status is automatically carried out by a formulation using a certain criteria [23] In this case, the atomistic zone of the model is big enough to capture plastic deformation and nucleation and emission of dislocations. The dislocations in the material will always be located in the atomistic region. In addition, the models used in the QC method are pseudo-2D models [24] . This means that although the analysis is performed in a two-dimestional coordinate system, the displacements in the z-direction are allowed and all atomistic calculations are three-dimensional. Within this setting, only dislocations with line directions perpendicular to the plane of analysis can be nucleated and the displacement fields were constrained to have no variation in the out-of-plane z-direction. These constraints appear to be compatible with the two-dimensional nature of the indenter. This is a form of generalized plane strain, which could effectively simplify our simulation. More details of QC method are discussed in [23, 24] .
The nanoindentation model of this work is illustrated in Figure 1 . Wedged indenters with different semi-angles (α = 60 • , 70 • and 80 • ) were pressed into aluminum (Al) single crystal bulk material. The model is 100 nm thick, 200 nm wide, and infinite in the out-of-plane direction with periodic boundary conditions. In addition, the size of the initial atomistic region is 10 nm wide and 2 nm thick. The model is much larger than most of models used in MD nanoindentation simulations. The crystal orientations of the model along x-, y-, and z-axis are chosen to be [111], [110] and [1 1 2] , respectively, which could promote the emissions of Shockley partial dislocations and deformation twinning [25] . A fixed boundary condition is applied to the bottom surface, and free boundary conditions are applied to the top, left and right surfaces. The indenter was settled on the middle of the top surface, and the indenter was gradually pushed into the film along y-direction with an increment of 0.01 nm per step. The interactions between the atoms are described by Ercolessi-Adams Al potential [22] , and the elastic moduli predicted by this potential are C 11 = 117.74 GPa, C 12 = 62.02 GPa and C 44 = 36.76 GPa.
The effective values of shear modulus G = 33.14 GPa and Poisson's ratio ν = 0.319 are calculated by a Voigt average [24] :
Thus lattice constant a = 0.4032 nm. Finally, indenters penetrated 1.2 nm deep into the material. 
Results and Discussion

Load-Displacement Responses
Load-Displacement Responses during Different Loading Processes
We present the load-displacement responses of nanoindentation loading processes using wedged indenters with half vertex angles (α in Figure 1 ) of 60 • , 70 • and 80 • in Figure 2 . Loads are calculated in Newton per meter length in the z direction of the y directional resultant force on the indenters. At the very beginning of indentations, the curves of three different loading processes are almost the same. This is because the contact parts of three indenters are almost the same at the beginning, which is called the tip radius effect [26] . When the contact width exceeds the tip width, the curves become different. It is clear that load goes up with the increase of indentation depth at the beginning of three different indentations. These initial deformation stages are regarded as the elastic stages. As indenters are pressed deeply, the pop-in effect is investigated in nanoindentation with both half vertex angles of 60 • and 70 • . As it is shown, the load drops suddenly at a depth of 4.7 Å (Point A 1 ) with a critical load P cr60 = 3.22 N/m during nanoindentation with the indenter of 60 • . As the indenter proceeds more deeply, the load continues to increase with several drops. Three different drop points that happen at 4.7 Å, 7.7 Å and 10.7 Å (A 1 , B 1 and C 1 ) are marked, while three abrupt drops occur at 5.6 Å, 8.1 Å and 10.4 Å (A 2 , B 2 , and C 2 ) during nanoindentation using the wedged indenter of 70 • , as shown in Figure 2 . The critical load during nanoindentation with the 70 • indenter is P cr70 = 3.99 N/m. However, in nanoindentation with the 80 • indenter, the load smoothly increases with the increase of indentation depth and no abrupt drop occurs. In addition, the load increases with the increase of angle of wedged indenter when the indentation depth is the same. The elastic stage of nanoindentation with the indenter of 70 • continues longer than that with the indenter of 60 • . It is known that the drop points in the load-displacement response indicate the dislocation nucleation and emission, which will be discussed below. 
Load-Displacement Responses during Different Unloading Processes
As we discussed above, several drop points are observed in loading processes. It is essential to confirm whether the plastic deformation happens at these points. The indenter with half vertex angle of 60 • is retracted from A 1 ' and D 1 , as shown in Figure 3 , while the indenter of 70 • is retracted from A 2 ', B 2 ' and C 2 ', as shown in Figure 4 . In Figure 3 , we perform unloading processes with the indenter of half vertex angle of 60 • at A 1 ' and D 1 as "Unload1-1" and "Unload1-2", respectively. During "Unload1-1", the load decreases as the indentation depth decreases. The value of load fluctuates when indentation depth declines from 3.8 Å to 3.1 Å, and then the load linearly decreases to zero with a residual displacement U 1-1 = 0.9Å. The residual displacement of unloading process is the indentation depth when the load on the indenter decreases to zero. During "Unload1-2" process, two abrupt jumps of load occur at 10.2 Å and 8.5 Å. After the displacement fluctuates from 6.4 Å to 5.0 Å, the load smoothly drops to zero with a residual displacement U 1-2 = 1.5 Å. These residual displacements prove that irreversible plastic deformation occurs in indentation loading process after point A 1 '.
In Figure 4 , retractions from A 2 ', B 2 ' and C 2 ' were exhibited as "Unload2-1", "Unload2-2", and "Unload2-3", respectively. As is shown, the load from A 2 ' decreases with the decrease of indentation depth. When indentation depth falls to 1.9 Å, the load abruptly jumps up to the curve of loading process and then decreases back to the origin with no residual displacement. This means the deformation happened at point A 2 is recoverable. During "Unload2-2" process, the load decreases from B 2 ' and no obviously abrupt jump occurs, which is different from "Unload2-1" process. Finally, the load decreases to zero with a residual displacement U 2-2 = 1.3 Å. As for "Unload2-3", the load decreases gradually where an abrupt jump happens at 6.0 Å. Then, the load decreases to zero with a residual displacement U 2-3 = 1.2 Å, which is almost the same as U 2-2 . The residual displacements are attributed to the changes of microscopic structures of the material during unloading processes and will be discussed below. The pop-out effect that happens during the unloading process also agrees with many experiments, and it is considered to be relevant to the atomic rearrangement of the bulk material [7, 27] .
The load-displacement response of unloading process with the indenter of 80 • is also obtained. The curve of unloading process completely coincides with the curve of loading process. This suggests that the loading process with the indenter of 80 • is an elastic process. On the other hand, the load-displacement responses of three different nanoindentations show good linearity at the initial stage of unloading processes, which also agrees with many experimental results [28, 29] . Figure 2 , respectively). As we mentioned in Section 2, the line directions of dislocations in QC method are all perpendicular to the plane of analysis. By standard, we use "⊥" symbol to label the dislocations in atom configurations [30] . The projection of Burgers vector is parallel to the bottom line of "⊥", and the direction of this projection vector is from left to right. The Burgers vectors of the dislocations are determined by the directions of their projection vectors and the Thompson tetrahedron in FCC metals [31] . We also plot the slip direction of dislocations in the configurations. The discussion about dislocation nucleation and emission goes as follow. (Figure 5a ). This is the first emergence of geometrically necessary dislocations [32] . In addition, a perfect dislocation 1/2[110] emerges at point III. This dislocation nucleation corresponds to the drop point A 1 ' (in Figure 2) , which means that the nucleation of dislocations will reduce the force on the indenter and release the stress concentration on the zone around the indenter tip. When the indentation depth comes to 7.7 Å (point B 1 ' in Figure 2) , the dislocation dipole is dissociated, as shown in Figure 5b . Shockley partial II moves below, and a lot of disordered atoms stack above the dislocation II. Shockley partial I is emitted on slip plane [ [24] . When indentation depth continues to increase to 10.8 Å (point C 1 '), a 1/2[110] perfect dislocation emerges at point IV, as shown in Figure 5c . The formation of this dislocation is due to the stacking of disordered atoms in Figure 5b Figure 5c ) constitute an extended dislocation. In Figure 5d , the perfect dislocation III disappears, and other dislocations continue moving down. Then a new Shockley partial VIII emerges. As it can be seen from Figure 5c ,d, the distance between the stacking faults is four atoms' width. Thus, the width of the zone where partial dislocations move is eight atoms' width in the loading process with the indenter of 60 • .
To confirm the residual displacements after retractions, the atom configurations of material after unloading processes by using the indenter with half vertex angle of 60 • at A 1 ' and D 1 are plotted in Figure 6 ((a) and (b) correspond to U 1-1 and U 1-2 in Figure 3 , respectively). After retraction process at A 1 ', several disordered atoms stack at the surface as shown in Figure 6a . The dislocations have disappeared, which could be explained by the following model [24] . The forces on the dislocations include the Peach-Koehler force (F PK ) due to the indenter stress field pushing the dislocation into the bulk material, and the image force F I pulling the dislocation back to the surface. These two forces and Peierls stress σ p maintain a balance when dislocation is stationary. It is described as
where b is module of Burgers vector. When the indenter is pulled back, the Peach-Koehler force applied on the dislocation decreases, the image force would dominate and the dislocation would return to the surface and disappear. In Figure 6b , the atomic configurations of bulk material after retraction from D 1 ' are presented. Compared to the atom configuration at D 1 in loading process, only one perfect dislocation I is trapped in the bulk material, and other dislocations have moved back to the surface and disappeared. Because the module of Burgers vector of perfect dislocation is bigger than that in partial dislocation, the Peierls stress σ p applied on this perfect dislocation dominates. Thus, the image force from the surface cannot pull it back, and the dislocation remains in the material. In this sense, perfect dislocation is a stable microstructure in residual displacement.
Atomic Configurations during Nanoindentation Using the Indenter with Half Vertex Angle of 70 •
In Figure 2 , three different abrupt drops of load are investigated during nanoindentation by using the indenter with half vertex angle of 70 • . The atom configurations of these points are extracted to observe the microstructure changes at these moments, as shown in Figure 7 In addition, the distance between two stacking faults in loading process with the indenter of 70 • is seven atoms' width. The width of zone that partial dislocations move is 11-atoms width, which is wider than that in nanoindentation with the indenter of 60 • .
The atomic configurations of the bulk material after unloading processes with the indenter of 70 • retracted from B 2 ' and C 2 ' are plotted in Figure 8 ((a) and (b) correspond to U 2-2 and U 2-3 in Figure 4 , respectively). As shown in Figure 8a , when retraction from B 2 ' ends, one perfect dislocation remains at surface. This means that unrecoverable plastic deformation has happened at B 2 ' during loading process. In Figure 8b , three perfect dislocations remain in the film when retraction from C 2 ' ends, which are arrayed as a line parallel to the surface. The pattern they are arranged leads to the fact that the residual displacement of these three dislocations is almost the same as that of one dislocation (U 2-2 and U 2-3 ), as we mentioned in Section 3.1.2. From the discussion of atomic configurations of residual displacements, it is clear that perfect dislocations rather than partial dislocations will remain in the material when retraction process ends. Additionally, more dislocations in bulk material with the indenter of 70 • will remain than those with the indenter of 60 • . As the analysis of atomic configurations is shown above, the mechanisms of dislocation nucleation and emission in wedged nanoindentations with indenters of 60 • and 70 • are similar. The dislocation zones in nanoindentation with both indenters of 60 • and 70 • extend deeply inside the bulk material, but the width would not exceed the contact width, which is defined as the width of the segment where indenter is in contact with the material. This phenomenon also agrees with many indentation experiments [33, 34] . The width of the zone where partial dislocations move in the loading process with the indenter of 70 • is wider than that in loading process of 60 • , and the amount of dislocations that remain in the material after retraction with the indenter of 70 • is larger than that with the indenter of 60 • . Thus, the indenter with half vertex angle of 70 • is a better choice for investigating dislocation nucleation and emission and for understanding residual displacement during wedged nanoindentation.
Contact Hardness Responses
Hardness of solids is a measure of resistance that a solid matter shows to various kinds of local permanent deformation [35] , and hardness during indentation is defined as [1, 36] :
where P is the load, and A p is the projected area. In our simulation, the projected area is contact width multiplied by the length of the indenter in z-direction. The hardness can be calculated by dividing load P by contact width. The projected area is a discrete parameter that increases periodically with the increase of indentation depth, because it is related to the number of atoms which are in contact with the indenter. Thus, there is a critical hardness during nanoindentation. The critical hardness of wedged nanoindentations with different half vertex angles of 60 • , 70 • are listed in Table 1 . Results show that critical hardness of wedge nanoindentation with half vertex angle of 70 • is larger than that with half vertex angle of 60 • . This also agrees with the result of conical indenter studied by Alhafez et al [37] . The size effect of contact hardness with contact depth is a typical characteristic of nanoindentation. As discuss above, the contact width and depth in our simulations are discrete parameters. More than one value of hardness is obtained at the same contact depth. Thus, the calculated hardness H is a range for each , and this range is shown as an error bar. The calculated results of hardness are plotted in Figure 9 . As shown, calculating results of hardness in loading processes with both indenters of 60 • and 70 • show dependence on the contact depth. As the contact depth increases, the indentation hardness has a tendency to decrease. This phenomenon also agrees with many other researchers' work [38] [39] [40] [41] [42] . 
Strain Energy-Displacement Responses
As we mentioned before, the QC method runs through the minimization of energy of the system. The strain energy in the QC method is the total energy of all atoms over the atomic (non-local) domain and the finite element (local) domain [23] . The strain energy versus displacement responses for wedged nanoindentations with half vertex angles of 60 • , 70 • and 80 • were obtained, as shown in Figure 10 . The strain energy increases with the increase of indentation depth, and two obvious drops occur at point A 1 ' and C 1 ' in response to indentation with the indenter of 60 • , where strain energy drops down 0.593 eV and 0.924 eV, respectively. The drop points of strain energy in Figure 10 correspond to the drop points of load in Figure 2 , so we use same letters. Two drops occur in strain energy-displacement response when half vertex angle of the indenter is 70 • , in which strain energy drops down 0.850 eV and 2.016 eV at point A 2 ' and C 2 '. It is obvious that there are fewer drop points in strain energy-displacement response than in the load-displacement response. According to the atomic configurations shown in Section 3.2, these drop points in strain-energy responses all correspond to the nucleation of perfect dislocations or emergence of extended dislocations rather than partial dislocations. However, in load-displacement response, the drop points correspond to the nucleation and emission of all kinds of dislocations, including partial dislocations. Thus, in wedged nanoindentation, the abrupt drops in strain energy-displacement response only reflect the nucleation of perfect dislocations or extended dislocations. 
Conclusions
The effect of the vertex angle of wedged indenters on deformation of Al single crystal bulk material during nanoindentation was investigated by the QC method. Wedged indenters with half vertex angles of 60 • , 70 • and 80 • are used to simulate the loading and unloading nanoindentation processes. Load-displacement responses of loading and unloading processes, strain energy-displacement responses, hardness, and dislocation nucleation and emission for three kinds of indenters are analyzed. Results show that some abrupt drops occur in the load-displacement responses of nanoindentation with indenters of 60 • and 70 • , and these points correspond to the dislocation nucleation and emission. No abrupt drop occurs during the loading process of the indenter of 80 • , and the unloading curve overlaps the loading curve, suggesting that in this simulation with that included angle the indentation is purely an elastic process. From the analysis of atomic configurations, the mechanisms of dislocation nucleation and emission in wedged nanoindentation with indenters of 60 • and 70 • are discussed, and the movements of partial dislocations are investigated. Results show that only perfect dislocations will remain when the retraction of indenter ends. Although residual displacements are almost the same, the microstructures of them can be different. It is clear that the dislocation zone beneath the indenter extends deeply, but the width of plastic zone does not exceed the contact width. The width of zone where partial dislocations move during indentation with the indenter of 70 • is wider than that in indentation with the indenter of 60 • . In addition, the size effect of hardness in plastic wedged nanoindentations with indenters of 60 • and 70 • is observed. There are fewer abrupt drops in the strain energy-displacement response than in the load-displacement response, and the abrupt drops in strain energy-displacement response in wedged nanoindentation only reflect the nucleation of perfect dislocations or extended dislocations rather than partial dislocations. In summary, the wedged indenter with half vertex angle of 70 • is recommended for investigating the dislocations and for understanding residual displacements during elastic-plastic nanoindentation.
